Background The age-associated decline in aerobic exercise capacity is partially reversible by endurance exercise training. Moderate-intensity endurance exercise training increases aerobic exercise capacity mediated, in part, by improvement of stroke volume and left ventricular performance in older men. The present study was designed to characterize the nature of cardiovascular adaptations to strenuous endurance exercise of
Background The age-associated decline in aerobic exercise capacity is partially reversible by endurance exercise training. Moderate-intensity endurance exercise training increases aerobic exercise capacity mediated, in part, by improvement of stroke volume and left ventricular performance in older men. The present study was designed to characterize the nature of cardiovascular adaptations to strenuous endurance exercise of long duration and to delineate the mechanisms underlying increased stroke volume and cardiac output in highly trained older endurance athletes.
Methods and Resuls Nine male master athletes (MA: 64±2 years old, mean+SEM) and 9 older sedentary healthy men (controls: 63±1 year) were studied. Left ventricular systolic function was evaluated with the use of cardiac blood p0ol imaging and echocardiography. Maximal 02 uptake (Vo2ma) was 50.4±1.7 mL* kg.* min'1 in the MA and 29.6±1.4 mL kg' .min' (P=.0001) in controls. Systolic and mean blood pressures at rest and during exercise were not different in the two groups. Left ventricular systolic function at peak exercise was higher in the MA than in sedentary controls as evidenced by (1) a higher left ventricular functional reserve (AEF: 12.4±2 versus 5.6±2.5, P=.05), (2) a large decrease in end-systolic volume during exercise (MA: 56±4 mL at rest and 42±5 mL at peak exercise, P=.007; controls: 43±2 mL at rest and 42±6 mL at peak exercise, P=.35) with no differences in systolic blood pressure, (3) a higher left ventricular fractional shortening at peak exercise (MA: 52±2.6%; controls: 45±1%, P=.046) at comparable values for end-systolic wall stress (MA: 56±12 g/cm2; controls: 53±7 g/cm2, P=.50), and (4) a greater decrease in end-systolic diameter at peak exercise in the MA M f aximal oxygen uptake decreases progressively at an average rate of 10% per decade after the age of 25.1-This decline is due to reductions in maximal cardiac output and arteriovenous 02 content difference.6-8 The age-related functional and structural changes in the heart and blood vessels that result in decreased chronotropic response, impaired cardiac function, and increased aortic impedance are responsible for diminished maximal cardiac output and stroke volume (SV) with advancing age.9-'3 It is likely that physical inactivity and increased adiposity6 contribute to reduced cardiovascular function in older subjects because endurance exercise training can counteract the than in controls (MA: -1.2+0.16 cm versus -0.57+0.13 cm, P=.014) despite no significant differences between the changes in end-systolic wall stress during exercise (MA: -15.5+7.5 g/cm2, controls: -11.0±9.0 g/cm2, P=.6). MA had a larger end-diastolic volume at rest (153±6 versus 132±4 mL, P=.009) with a normal wall thickness-to-radius ratio (0.34±0.02). Peak exercise stroke volume was higher (P=.023) in the MA (132±6 mL/min) than in the sedentary controls (111±6 mL/min). Changes in stroke volume correlated strongly with changes in ejection fraction in the MA (r=.80, P=.010) but not in sedentary controls (r=.59, P=.097). Further, changes in stroke volume from rest to exercise correlated strongly with changes in end-diastolic volume in both MA (r=.78, P=.013) and sedentary controls (r=.73, P=.026), suggestive of reliance of stroke volume on end-diastolic volume and preload. However, for a given increase in end-diastolic volume, the rise in stroke volume during exercise was significantly larger in the MA than in controls, which, in the absence of differences in mean blood pressures, indicates that enhanced left ventricular systolic function independent of preload plays an additional role in maintaining a higher stroke volume at peak exercise in the highly trained older men.
Conclusions After imaging at rest, subjects performed continuous graded supine cycle ergometer exercise to exhaustion. The pedaling rate was 65 to 70 rpm. The initial work rate for all subjects was 30 W. The work rate was increased every 3 minutes until exhaustion, defined as an inability to maintain pedaling rate above 50 rpm. All subjects performed three to four work rates.
Images were obtained during the last 2 minutes of each work rate in the same modified left anterior oblique projections used at rest. Heart rate was recorded each minute. During the final minute of each work rate, blood pressure was measured with a mercury sphygmomanometer, and expired air was collected for the subsequent determination of Vo2.
Echocardiography. To facilitate the interpretation of differences in the ejection phase indexes of left ventricular function between the two groups and to obtain information concerning estimates of cardiac loading conditions during exercise, M-mode echocardiograms were recorded on eight master athletes and six sedentary older men at rest and during peak supine cycle ergometer exercise (Quinton Instruments). Of the eight master athletes, four were among those who had radionuclide studies and four were additional highly trained men whose level of training and Vo2,a, were similar to those of the other master athletes (master athletes: Vo2max, 3 .24+0.12 L/min versus 3.16+0.14 L/min, P=.7, and 50±2 mL kg-1. min-versus 49.5+2 mL kg-1. min-1, P=.8; sedentary controls: Vo2ma,, 2.39+0.1 L/min versus 2.42+0.11 L/min, P=.8, and 30+1 mL*kg-1*min-1 versus 33±1 mL*kg-1min-1, P=.1, in the radionuclide and echocardiographic studies, respectively). Inclusion of additional subjects was necessary because some of the original subjects were not available for echocardiographic studies. The interval between radionuclide and echocardiographic studies was (Table 2 ). Maximal heart rate was higher in the master athletes than in the sedentary controls, but the difference did not reach statistical significance (Table  2) . However, the chronotropic reserve, defined as the difference between resting and maximal heart rate, was significantly greater in master (Table 3 and Fig 1) . However, when normalized for body surface area, resting SV was significantly higher in the master athletes (55±1.0 ml/min/m2 versus 45±1.5 ml/min/m2, P=.001). Peak exercise SV was considerably larger in the master athletes than in the older sedentary men (Table 3 and Fig 1) . Left Resting (P=.009) and peak exercise (P=.05) EDV values were higher in MA than in S. B, Plot of stroke volume (SV) at rest and during exercise in MA and S. Peak exercise SV was higher (P=.023) in MA than in S. Changes in SV during exercise paralleled those in EDV (A) in both groups. C, Plot of end-systolic volume (ESV) at rest and during exercise in MA and S. ESV at rest was significantly (P=.032) larger in MA than in S. In the former, ESV was significantly (P=.007) decreased during peak exercise, whereas in the latter it was not.
5.6±3, P=.05). At comparable increments in EDV
during submaximal exercise, the increases in EF were larger in the master athletes than in the sedentary men (Fig 2) with no significant differences in either systolic or mean blood pressure.
LVEDV at rest was larger (15%) in the master athletes than in controls, consistent with volume-overload hypertrophy (Table 3 and Fig 1) . This difference I a 32 37 2 7 12 17 Table 3 and Fig 1) . ESV at rest was larger in the master athletes than controls (Table 3 and Fig 1) . ESV decreased significantly (P=.007) at peak exercise in the master athletes but not in the sedentary subjects (P=.35) ( Table 3 and Fig 1) . Systolic blood pressure increased similarly during exercise in the two groups. Master athletes had a higher fractional shortening (FS) at peak exercise and also exhibited a larger increase in FS from rest to exercise than did controls (AFS: 18.4±2% versus 6.7±2%, P=.004) despite similar values for the estimated endsystolic wall stress (58±12 g/cm2 versus 53±7 g/cm2) in both groups (Fig 3A) . End-systolic diameter decreased to a greater extent in the master athletes than in the older sedentary men (-1.2±0.16 cm versus -0.6±0.13 cm, P=.014) even though the reductions in the estimated end-systolic wall stress during exercise (master athletes, -15.5±7.5 g/cm2; control, -11±9 g/cm2, P=.60) did not differ between the two groups (Fig 3B) . EDD and PWT normalized for body surface area were significantly larger in the master athletes than in the sedentary controls (EDDI: 29±1 mM/m2 versus 25±1 mM/m2, P=.03; PWTI: 5 ±0.2 mM/m2 versus 4±0.1 mm/mm2, P=.036, Fig   5) . Left ventricular wall thickness-to-radius ratio did not differ between the two groups (master athletes, 0.34±0.02; controls, 0.35±0.01, Fig 5) consistent with the pattern of volume-overload left ventricular hypertrophy.
Wilcoxon analysis showed that the rate of increase in SV as a function of relative work rate during incremental exercise was marginally greater in the master athletes than in controls (0.37±0.05 mL versus 0.24±0.05 mL, P=.052). After regression analysis adjusted for the baseline differences in the hemodynamic variables that can influence SV, ie, EF, mean blood pressure, and EDV, the rate of increase in SV as a function of increase in power output was substantially greater (P=.026) in the master athletes than in the sedentary older men. The regression slopes defin- that, in the absence of differences in blood pressure, enhancement of left ventricular contractile function also contributes to higher SV in highly trained older men.
group showed a significant association between SV and EDV, we found that for a given increase in EDV there was a greater rise in SV. Therefore, the slope of the relation between EDV and SV was steeper in the master athletes than in controls (1.64±0.22 versus 1.05+0.16, P=.046; Fig 4) . In contrast, for any given change in EF, the changes in SV were not significantly different between the two groups. Thus, the differences observed in the change in SV from rest to exercise between the two groups could not be accounted for by alterations in EDV but instead by changes in EF. When analysis of covariance was used to exar at pea any giv larger (P=.003) in the master athletes than in the older sedentary men. In contrast, for any given EF, there were no significant differences in peak exercise SV between the two groups. Therefore, the differences detected in SV at peak exercise between the two groups could be explained by changes in EF but not by changes in EDV.
Comparison of Physiological Variables During Radionuclide and Echocardiographic Studies
The differences in the peak values for 02 uptake and heart rate between the radionuclide and echocardiographic studies were not statistically significant. Peak Vo2 was 2.36±0.14 L/min versus 2.10±0.06 L/min (P=.11) in the master athletes and 2.03+±0.06 L/min versus 1.8±0.14 L/min (P=.10) in the sedentary older men during radionuclide and echocardiographic studies, respectively. Peak heart rate in the master athletes was 146+3 beats per minute during radionuclide studies and 122±4 beats per minute (P=.08) during echocardiographic studies. In the sedentary older men, peak heart rate was 151±5 beats per minute and 139±3 beats per minute (P=.10) during radionuclide and echocardiographic studies, respectively. Values for peak exercise systolic blood pressure during radionuclide studies were higher significantly in the master athletes (P=. The differences between their results and our findings are probably due to the type of exercise used in these studies. We used supine exercise, whereas Schulman et al34 used upright exercise. However, additional factors such as biological differences between the subjects as reflected in absence of cardiac enlargement in the trained subjects reported by Schulman et al can also account for these disparate observations.
The enhanced left ventricular systolic performance in the master athletes observed at peak exercise echocardiography is unlikely to be the consequence of the slightly lower peak Vo2 values during these studies than those during radionuclide studies because (1) peak Vo2 values during echocardiographic studies were close to those during radionuclide studies (89%) and the differences between the two studies were not statistically significant and (2) endurance trained older subjects do not generally exhibit any decline in left ventricular systolic performance at peak supine exercise.18 Therefore, attainment of a higher FS and a greater decrease in ESD in the master athletes than in the sedentary controls is consistent with enhancement of left ventricular systolic performance at peak exercise in highly trained older endurance athletes. Because of the crosssectional nature of our study, we cannot exclude the possibility that genetic influences may be responsible, at least in part, for the differences in cardiac performance between master athletes and sedentary older men. We do not believe, however, that genetic influences can entirely explain the differences in hemodynamic responses to exercise between the two groups because longitudinal studies have demonstrated development of qualitatively similar adaptations in previously sedentary older men.'8 The use of supine cycle ergometer exercise to assess left ventricular function does not provide data on the true maximal exercise responses that can usually be achieved with treadmill exercise. The variables used for evaluation of contractile function should be interpreted with caution because we used the standard sphygmomanometer for measurement of blood pressure, which may not necessarily reflect precise changes in central aortic or left ventricular systolic pressure. Further, accurate assessment of changes in left ventricular end-systolic wall stress requires knowledge of endsystolic instead of peak systolic pressure in the ascending aorta or left ventricular cavity, which is virtually impossible to measure during exercise by means of noninvasive techniques. Nevertheless, despite these limitations, our data taken together provide evidence suggestive of enhanced left ventricular systolic performance in highly trained master athletes.
Our findings suggest that volume-overload left ventricular hypertrophy with moderate cardiac enlargement in older endurance trained athletes is a benign and physiological phenomenon because it is associated with enhanced left ventricular function during exercise and excellent prognosis.14 Our results also indicate that larger SV and cardiac output play a significant role in maintaining a higher peak Vo2 and Vo2mm6 in older endurance athletes. The higher SV at peak exercise observed in these highly trained older men appears to result not only from physiological volume-overload hypertrophy and the Frank-Starling effect but also from improvement in left ventricular systolic performance independent of preload.
